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Fig. 1. Emiliania huxleyi cell a. surrounded by attached coccoliths, and b. with coccoliths
shedding off (images courtesy of Markus Geisen and Jeremy Young).
rather imprecise term, but in this paper it is defined, arbitrarily, to refer only to E.
huxleyi cell concentrations of at least 1,000,000 per liter. Blooms can cover very
large areas, for instance at least 200,000 km
2 in the Eastern Bering Sea and Bering
Straits in 1997 (Sukhanova and Flint 1998), and 250,000 km
2 in the North Atlantic
south of Iceland in 1991 (Holligan et al. 1993a). Cell concentrations vary between
blooms and according to the stage of the bloom (sometimes bright waters contain
Table 1. Field evidence verifying that many areas of bright waters in satellite images cor-
respond to areas where very high Emiliania huxleyi cell numbers are observed.
Bloom Location
Concentration
(10
6 cells litre
-1) Year Source
Norwegian fjords 10 – 100
up to 115
up to 7
1950s
1955
1992
Birkenes and Braarud 1952
Berge 1962
Kristiansen et al. 1994
North Sea <0.1 – >1
0.1 – 1.2
1 – 6
0.6 – 2.3
'80s
1993
1994
1999
Holligan et al. 1993b
Van der Wal et al. 1995
Head et al. 1998
Burkill et al. 2002
Western English
Channel
up to 8.5
up to 2
'80s
1992
Holligan et al. 1983
Garcia Soto et al. 1995
Bay of Biscay up to 3 1998 Lampert et al. 2002
North Atlantic up to 4
0 – 10
1987
1991
Malin et al. 1993
Holligan et al. 1993a
Gulf of Maine <0.5 – >2
>1
1988–89
1988–90
Balch et al. 1991
Townsend et al. 1994
Nova Scotian shelf Up to 1.5 1991 Brown and Yoder 1993
Black Sea Up to 10
4.7, 31
1992
1990, 93
Mankovsky et al. 1996 (cited in
Cokacar et al. 2001)
Mihnea 1997
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abundant light-scattering coccoliths left over from a cell population that has
mostly died). E. huxleyi is unusual amongst coccolithophores in that under certain
environmental conditions the cells overproduce coccoliths (Paasche 2002), lead-
ing to shedding of excess coccoliths and very large concentrations of detached
coccoliths in the water. Light scattering is by both detached coccoliths and cocco-
liths within coccospheres. Some example measured cell concentrations are given
in Table 1. The highest concentration ever reported is 115,000,000 cells per liter,
from a Norwegian fjord in 1955 (Berge 1962) (Table 1).
The blooms have significant regional environmental impacts (Westbroek et al.
1993), via increased water albedo (reflectance) (Tyrrell et al. 1999), DMS produc-
tion (Malin and Steinke this volume), large fluxes of calcium carbonate out of the
surface waters and changes in the oceanic uptake of CO2 (Rost and Riebesell this
volume). Because of the light scattering properties of the coccoliths, bloom water
is very turbid. This leads to increased light/heat trapping in the surface layers, de-
creased light/heat penetration to depth, and increased reflection of light/heat back
out of the sea surface (Tyrrell et al. 1999). The impacts of the blooms on ocean-
atmosphere exchange of CO2 has been investigated on several occasions (Robert-
son et al. 1994; Van der Wal et al. 1995; Murata and Takizawa 2002).
History of bloom observations
To the best of our knowledge, the first reported observations of E. huxleyi blooms
and associated milky-turquoise waters came from fjords on the western coast of
Norway (Birkenes and Braarud 1952; Berge 1962). Blooms continue to occur in
Norwegian waters at the present time, including offshore out to many miles, as
shown for instance in a satellite image from May 2000 in which an enormous
bloom stretches up from the Skaggerak and a long way up the western Norwegian
coastline http://www.soes.soton.ac.uk/staff/tt/eh/pics/sat/skag2.jpg.
As satellites started being used to look at the sea, E. huxleyi blooms started be-
ing picked up in these images. The possibility that large areas of the open ocean
could be significantly paler in color was simply not appreciated to any great extent
(although see Hardy 1956) before these satellite images were available. Some of
the first satellite studies concentrated on areas to the west of the English Channel
(Holligan et al. 1983), or off the west coast of France http://www.soes.soton.
ac.uk/staff/tt/eh/v_0.htm. High-resolution modern SeaWiFS (Table 2) images
show that small E. huxleyi blooms occur all along the NW European shelf break
from the Bay of Biscay up to the west coast of Ireland http://www.soes.soton.
ac.uk/staff/tt/eh/pics/sat/three.tif. Whereas probably the first E. huxleyi bloom ever
to be seen in a satellite image was in a LANDSAT-1 (Table 2) image
http://www.soes.soton.ac.uk/staff/tt/eh/v_1.htm, later studies made use of AVHRR
(Table 2) images, for on the Nova Scotian shelf and Grand Bank (Brown and Yo-
der 1993), in the Gulf of Maine (Balch et al. 1991) and in the North Sea (Holligan
et al. 1993b). Much of the first biological and optical information was obtained in
the Gulf of Maine (Balch et al. 1991). In 1991 an enormous bloom was seen in78         Tyrrell and Merico
AVHRR images south of Iceland, covering 250,000 km
2 (Holligan et al. 1993a),
and ships traveled from the UK to sample it (Holligan et al. 1993a) and to measure
its impact on carbon dioxide concentrations (Robertson et al. 1994). Blooms are
still seen south of Iceland in SeaWiFS images http://www.soes.soton.ac.uk/staff/
tt/eh/pics/sat/natl1.jpg
Other early satellite work with E. huxleyi blooms involved the development of
an automatic technique to scan CZCS images for the presence of coccolithophore
blooms (Brown and Yoder 1994). CZCS images were rather low resolution (each
individual pixel corresponded to a rather large area of the Earth’s surface) but
CZCS’s global coverage allowed construction of a global map of where E. huxleyi
blooms (or at least white waters, most of which are E. huxleyi blooms) occur
(Brown and Yoder 1994). The global map from the CZCS years (1978–86) gave
us our first wide-ranging insight into the distribution of blooms of any single
phytoplankton species. As expected from previous work, the North Sea and north-
ern North Atlantic areas showed up as areas of particularly high E. huxleyi activ-
ity. The North Pacific was shown to be generally less favorable for E. huxleyi
blooms than the North Atlantic. Less expected was the discovery that E. huxleyi
Table 2. Satellites used for Emiliania huxleyi bloom observations.
Acronym Full name Dates of op-
eration
Number of
visible
wavebands
Spatial resolution
(km)
LANDSAT* LAND remote-
sensing SATellite
1972 – still
operating
3 0.03
CZCS Coastal Zone Color
Scanner
1978 – 1986 4 18
†
AVHRR Advanced Very
High Resolution
Radiometer
1978 – still
operating
14
†
OCTS Ocean Color and
Temperature Scan-
ner
08/1996 –
07/1997
6 0.7
SeaWiFS Sea viewing Wide
Field of view Sen-
sor
1997 – still
operating
6 4.5 or 9
†
MODIS MODerate resolu-
tion Imaging Spec-
troradiometer
1999 – still
operating
10 1 or 5
†
MERIS MEdium Resolution
Imaging Spec-
trometer instrument
2002 – still
operating
81   or 5
†
* there have been several generations of LANDSAT sensors. LANDSAT-1 started its ope-
ration in 1972 and ended in 1978. The last one, LANDSAT-7, was launched in 1999.
† the resolution of images frequently examined for the presence of coccolithophore blooms,
rather than the maximum resolution of the instrument (e.g. see Fig. 3, Brown and Yoder
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blooms apparently blanket the Patagonian shelf (between Argentina and the Falk-
land Islands) on a regular basis, as also seen in recent SeaWiFS images during
November and December of different years http://www.soes.soton.ac.uk/staff/
tt/eh/pat.html. Elsewhere in the southern hemisphere E. huxleyi blooms were de-
tected less frequently than in the northern hemisphere (Brown and Yoder 1994).
Brown and Yoder recognized from the start the possibility of certain water condi-
tions masquerade as E. huxleyi blooms (see below for more discussion), and there-
fore that their global map was not foolproof.
Since 1997 the “tool of choice” for sensing E. huxleyi blooms has been the
SeaWiFS sensor (Table 2), although new sensors such as MODIS and MERIS
(Table 2) are proving equally capable of detecting the blooms. As well as con-
firming blooms in locations where CZCS saw them, SeaWiFS has also returned
images of what appear to be extensive E. huxleyi blooms where CZCS saw none.
In the Barents Sea, for example, where CZCS detected no blooms (although this
area is near the sensor’s latitudinal limit) SeaWiFS has seen many extensive areas
of pale waters (July–September 1997–2002) that are most likely E. huxleyi
blooms. There was apparently little E. huxleyi activity in the Black Sea during
1978–86, according to CZCS (Brown and Yoder 1994), but there have since been
many basin-wide blooms (Cokacar et al. 2001). SeaWiFS has also seen many
areas of moderately pale waters north of the Antarctic Polar Front in the Southern
Ocean, for instance between Tasmania and New Zealand http://www.soes.soton.
ac.uk/staff/tt/eh/pics/sat/tasnz.jpg.  The biggest surprise of the last few years,
however, has been the dramatic appearance of E. huxleyi in the eastern Bering Sea
http:// www.soes.soton.ac.uk/staff/tt/eh/ebs.html. In some of the very first images
that SeaWiFS sent back to Earth in September 1997, virtually the whole of the
eastern Bering Sea (over the continental shelf) was blanketed by a dense E. hux-
leyi bloom that persisted for many months, approximately from July to October.
Local fishermen asserted that the phenomenon was completely new, which has
been largely substantiated by a detailed analysis of earlier satellite images of the
region (Merico et al. 2003). Careful inspection of CZCS images in 1978–86 and
AVHRR images in 1987–1996 revealed no evidence of earlier E. huxleyi blooms.
Nonetheless, a small patch of bright water (almost certainly, from its location and
persistence, a patch of E. huxleyi) was visible to the south of St. Matthew Island
from the 26
th of August to the 3
rd of October 1996 (Merico et al. 2003). This small
bloom was probably a precursor to the much larger blooms starting the following
year.
Intense and widespread E. huxleyi blooms also occurred in the eastern Bering
Sea in 1998, 1999 and 2000, although not in 2001 or 2002. It is not clear as yet
what impact these blooms have on the higher trophic levels of the Bering Sea eco-
system. However, some effects have been observed and considered as direct con-
sequences of these events. In particular, a massive die-off of short-tailed
shearwaters took place in summer 1997 (Baudini et al. 2001). The lower body
mass and lipid values of the birds suggested starvation as the most likely cause of
death. The fact that most of the carcasses were found within the extent of the
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Fig. 2. Scanning electron microscope image from a wintertime bright water station in the
eastern Bering Sea (Broerse et al. 2003). The suspended matter is dominated by broken up
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search of reports of natural blooms of E. huxleyi (and the associated measured
water conditions) reveals that they all occur in highly stratified water where the
mixed layer depth is usually ~10–20 m, and is always ≤30 m (Nanninga and
Tyrrell 1996). As an example, the most intense bloom ever reported in the litera-
ture occurred in a fjord SE of Norway in May–July 1955 (Berge 1962). There
were a staggering 115,000,000 E. huxleyi cells per liter. There was very little
monitoring of the environment prior to the bloom, but Berge noted:
“… in the summer of 1955, the intensity and extent of the discoloration was so remark-
able that quite unusual ecological conditions must have existed. … The tentative conclusion
is drawn that high light intensities during May and June 1955 acted selectively on the
plankton, giving E. huxleyi advantageous conditions.”
Some of the best data we have on conditions leading to E. huxleyi success in
competition with other phytoplankton comes from mesocosms in Norwegian
fjords, run by Jorun Egge and others at the University of Bergen. Fig. 3 shows the
sizes of E. huxleyi and Phaeocystis populations in mesocosm bags having experi-
enced different nutrient and light conditions. The initial water in the bags was
fjord water with an unaltered natural assemblage of phytoplankton. Although
many phytoplankton species were present, only the final populations of E. huxleyi
and Phaeocystis are shown for clarity. We can see that the large black circles (E.
huxleyi blooms) in Fig. 3 occur mostly to the top of each plot, i.e. following
higher-than-average light intensities.
The large E. huxleyi bloom south of Iceland in 1991 was modeled and high light
was shown to be a possible cause (Tyrrell and Taylor 1996). Fig. 4 shows the
temperature structure of the water along a north-south transect through the bloom.
To the north of the transect where the bloom was most intense, so too is the strati-
fication. Mixing is not very deep and so average light intensities in the surface
layer are high.
The most notable difference to the environment of the eastern Bering Sea in
1997, the year of the first massive E. huxleyi blooms, was unusually strong strati-
fication from June onwards, following a single strong storm in May (Stabeno et al.
2001). The bloom was first noted in early July, by scientists out at sea (Sukhanova
and Flint 1998). A mooring station collected time series of temperature and salin-
ity profiles data continuously through the beginning of the bloom as well as in
previous and in subsequent years (Stabeno et al. 2001; Hunt and Stabeno 2002).
The very strong stratification in June/July 1997 is apparent (Fig. 5, Hunt and
Stabeno 2002).
Further objective evidence for the importance of stratification to the genesis of
E. huxleyi blooms comes from recent work on the Black Sea. A study of satellite
images (Cokacar et al. 2001) found that E. huxleyi blooms did not occur randomly
with respect to the circulation structure of the Black Sea, but rather that E. huxleyi
bright waters were more frequently associated with cyclonic as opposed to anti-
cyclonic eddies. The surface waters of cyclonic eddies tend to be more strongly
stratified than those of anti-cyclonic eddies.
An innovative recent study has compared E. huxleyi bloom occurrence on a
global scale (as detected in SeaWiFS images using an automatic algorithm:84         Tyrrell and Merico
Fig. 3. Magnitudes of mesocosm blooms of Emiliania huxleyi and Phaeocystis versus sev-
eral environmental variables (from Egge and Heimdal 1994). Light, nutrients and tempera-
ture are 5-day averages, over the five days prior to the measurement of phytoplankton con-
centration.Emiliania huxleyi: bloom observations and the conditions that induce them      85
Fig. 4. Temperature along a north-south transect through an Emiliania huxleyi bloom south
of Iceland, 1991 (taken from Holligan et al. 1993a). Highest E. huxleyi concentrations are
towards the northern end of the transect.
http://orbit-net.nesdis.noaa.gov/orad2/doc/ehux_www.html, but with shallow low-
latitude sites excluded because similar reflectance is generated by resuspended
calcareous sediments) with datasets of physical and nutrient parameters (Iglesias-
Rodriguez et al. 2002). The study involved an objective analysis of parameters
correlated with E. huxleyi blooms, although such correlations do not necessarily
imply causation (for instance some association between E. huxleyi blooms and
stratified waters is to be expected due to an effect of the blooms on the water state
rather than vice-versa). Their results suggest that E. huxleyi blooms are “confined
primarily to nutrient-depleted, temperate, and high-latitude oceans with relatively
high critical irradiances.” (Iglesias-Rodriguez et al. 2002).
Nanninga and Tyrrell (1996) suggested that the reason E. huxleyi outcompetes
other phytoplankton at high light intensities is that E. huxleyi is uniquely tolerant
of high light intensities. That is to say, E. huxleyi is not prone to photoinhibition,
in contrast to other phytoplankton. Laboratory and field PI-curves in which E.
huxleyi has been acclimatized to and tested at high light intensities show a lack of
photo-inhibition, even at the highest light intensities likely to be encountered in
nature (Balch et al. 1992; Nanninga and Tyrrell 1996). While unusual tolerance of
high light intensities may turn out to be important (but see Stolte et al. 2000), the
evidence is not conclusive and there is no accepted physiological reason (e.g.
unique pigments) why E. huxleyi should outperform other phytoplankton at high
light. It is known that coccoliths do not act as “sunscreens” (Paasche and Klave-
ness 1970).
Low silicate
E. huxleyi is a fast-growing (r-selected) phytoplankton species, capable under fa-
vorable conditions of multiplying more rapidly than most other species. Most
diatoms, however, can multiply even more rapidly (Furnas 1990). Diatoms are
typically the fastest-growing of all phytoplankton and dominate in eutrophic (‘r’-
selected environments) such as regions of upwelling, river mouths, spring blooms
and oceanographic fronts as long as there is sufficient dissolved silicate. For non-
diatom fast-growers like E. huxleyi, it seems plausible that they should do well in86         Tyrrell and Merico
eutrophic environments where diatoms are somehow excluded from the competi-
tion, for instance where nitrate, phosphate and other nutrients are still abundant
but where dissolved silicate has been exhausted. In mesocosm experiments dia-
toms tend to dominate the phytoplankton community except when silicate is
scarce (Egge and Aksnes 1992). Such a situation occurs towards the end of spring
blooms in the northeast North Atlantic (Fasham et al. 2001, Fig. 12a), and E. hux-
leyi blooms also occur in this area (e.g. Holligan et al. 1993a). E. huxleyi blooms
do not seem to occur in those parts of High Nutrient Low Chlorophyll regions
(e.g. North Pacific, high-latitude Southern Ocean) where high concentrations of
dissolved silicate persist year-round.
The probable importance of silicate (lack of it) to E. huxleyi is graphically
illustrated by the case of the Black Sea. Comparison of the pattern of bright waters
seen in 1978–86 by the CZCS satellite (Brown and Yoder 1994) with the pattern
seen by the SeaWiFS satellite since 1997 (http://orbitnet.nesdis.noaa.gov/orad2/
doc/ehux_www.html; Iglesias-Rodriguez et al. 2002) reveals that whereas CZCS
detected only a few patches of bright water in the Black Sea, the whole of the
Black Sea is bright in the SeaWiFS analysis. Although sediment records show that
E. huxleyi has been present at some concentration in the Black Sea for about 1600
years (Hay et al. 1991), phytoplankton sampling records show a decline in diatom
numbers and an increase in E. huxleyi numbers since the 1960s (Mihnea 1997;
Humborg et al. 1997). What has caused the recent shift away from diatoms and
towards E. huxleyi (and other flagellates)? Since 1970–72, when the Iron Gates
Dam was constructed across the River Danube (which provides the majority of the
freshwater inflow to the Black Sea), the river load of dissolved silicate into the
Black Sea has markedly decreased while river load of nitrogen has increased. This
has depressed dissolved silicate levels in the Black Sea, with wintertime concen-
trations decreasing from about 50 down to about 20 µMol kg
-1 (Humborg et al.
1997). The large surplus of fixed nitrogen now left over following silicate deple-
tion by spring diatom blooms is being removed by non-diatom species.
Phosphate more limiting than nitrate
Several studies have noted anomalous N:P ratios during E. huxleyi blooms. Typi-
cally, in the ocean as a whole, the N:P ratio in surface waters is generally rather
low, certainly lower than the Redfield ratio of 16:1 (Fanning 1992). In the 1991 E.
huxleyi bloom to the south of Iceland, surface layer N:P ratios were however
similar to or greater than 16 in the bloom waters, and less than 16 further south
(Tyrrell and Taylor 1996). In the Gulf of Maine in 1989 lowest phosphate levels
were noted at bloom stations (Townsend et al. 1994) (ranging from 0.02 to 0.16
µM, vs. 0.21 to 0.49 µM at the non-bloom stations). Though Townsend et al.
(1994) found that the phosphate concentrations were lower in bloom waters, they
noted that N:P ratios were not different (ranging from 5.9 to 6.4 at bloom and non-
bloom stations), although they were lower, in both bloom and non-bloom waters,
than the Redfield ratio. Van der Wal et al. (1995) found in a bloom study in 1993
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µM and about 0.3 µM at non-bloom stations. N:P ratios ranged from 6–11 in
coccolithophore-rich waters and from 13–15 in non-bloom waters. Mesocosm ex-
periments also observed E. huxleyi success (larger final populations) for those
bags manipulated by adding lots of N and little P rather than vice-versa (Egge and
Heimdal 1994), and it can be seen in Fig. 3 that most E. huxleyi blooms (large
black circles) occurred at lower phosphate concentrations while the same cannot
be said for lower nitrate concentrations. A modeling study of the mesocosms in-
voked E. huxleyi success at low phosphate concentrations to explain the observa-
tions (Aksnes et al. 1994).
From a physiological perspective E. huxleyi is known to be able to synthesize
the enzyme alkaline phosphatase (Kuenzler and Perras 1965; Riegman et al.
2000), which allows uptake of some fractions of dissolved organic phosphates and
should therefore impart an advantage to E. huxleyi when inorganic phosphate is
limiting. “Competition experiments” have been carried out by growing inoculate
of several phytoplankton strains in a single chemostat, and in several such experi-
ments greater numbers of E. huxleyi, and greater percentages out of the total, were
obtained at high N/P ratios rather than at low N/P ratios (Riegman et al. 1992).
However, recent examination of nutrient data from the eastern Bering Sea dur-
ing the years of the E. huxleyi blooms there suggests that those blooms occurred
when N was limiting but P was abundant, suggesting that low phosphate is not an
absolute requirement for the occurrence of these blooms.
Low dissolved carbon dioxide
The chemical reaction for calcification is
Ca
2+ + 2HCO3
- → CaCO3 + H2O + CO2 (1)
As described by Brownlee and Taylor (this volume), the synthesis of calcium car-
bonate coccoliths therefore releases CO2 as a by-product, and this extra CO2 is
probably available for photosynthesis. This indirect means of obtaining CO2 from
HCO3 could potentially give E. huxleyi an advantage over other phytoplankton if
the rate of supply of external CO2 is limiting for growth. Here this hypothesis is
discussed from the ecological rather than the physiological point of view (see Rost
and Riebesell this volume, for the latter). Although there is an abundance of dis-
solved inorganic carbon (DIC) in all ocean waters (usually more than 2000 µMol
compared to a maximum of about 30 µMol of nitrate, so order 60 times more DIC
than nitrate whereas phytoplankton only require about 7 C atoms for every N
atom), at typical pHs most of this carbon exists as bicarbonate (HCO3, about 90%
of total DIC) and carbonate (CO3, about 10% of the total), with typically less than
1% as dissolved carbon dioxide (CO2(aq)).
Although the pre-bloom CO2(aq) concentration may be as little as 15 µMol kg
-1,
when CO2(aq) is depleted it is quickly (within seconds (Zeebe and Wolf-Gladrow
2001)) replenished by conversion of HCO3 to CO2(aq). Because of this rapid inter-
conversion between different dissolved carbon forms, a phytoplankton drawdown
of more than 15 µMol kg
-1 of carbon does not cause CO2(aq) to run out. This can88         Tyrrell and Merico
only happen if all DIC is exhausted or if the pH is significantly changed. In reality
DIC only rarely drops below 1800 µMol kg
-1. Despite the enormous uptake by
phytoplankton, it is unlikely that CO2(aq) ever falls much below about 10 µMol
kg
-1 in the open ocean, even following intense spring blooms such as those that
occur annually in the northeast North Atlantic (Tyrrell and Taylor 1995).
The preceding discussion suggests that carbon availability never sets a limit to
the final amount of phytoplankton growth in a season, but it is possible that it sets
a limit to the instantaneous rate of growth at the height of blooms. Despite the
ever-presence of DIC, experimental evidence suggests that its rate of supply to
cells can limit diatom growth rate during blooms (Riebesell et al. 2000). The hy-
pothesis that CO2 supply by calcification is important to coccolithophores implies
that they should be especially successful at the height of and towards the end of
spring blooms, when growth rates are high and CO2(aq) concentrations relatively
low. An objective analysis does suggest that most E. huxleyi blooms are associated
with declining nitrate concentrations (Iglesias-Rodriguez et al. 2002), which must
correlate with declining CO2(aq). However, blooms (or at least bright waters) per-
sist for many months after the spring blooms in the eastern Bering Sea (Suk-
hanova and Flint 1998; Iida et al. 2002) and elsewhere, into Jul/Aug/Sep when
shortages of nitrate and phosphate rather than of CO2(aq) are most likely to be
critical for growth rate. In addition to physiological/biochemical evidence against
this hypothesis (Rost and Riebesell, this volume) from the ecological point of
view it appears that this hypothesis is not able to explain all aspects of E. huxleyi
distribution.
High carbonate saturation state (carbonate ion concentration)
A wide range of experiments, mostly on other marine calcifiers but also on E.
huxleyi, suggest a possibly important role for carbonate ion concentration (carbon-
ate saturation state) in determining where blooms can occur.
Coral reefs are restricted to low latitudes, most probably because of a depend-
ence on the carbonate saturation state of seawater (Ω) (Kleypas et al. 1999a),
which attains highest values between about 0–30° of latitude, and then falls away
towards the poles (Fig. 5). Calcium carbonate saturation state is
Ω = ⋅
+ − [Ca
2 ][ ] /
' CO Ksp 3
2 (2)
where K’sp is the stoichiometric solubility product which takes different values for
the different mineral phases aragonite (coral reefs, pteropods) and calcite (cocco-
liths, foraminifera shells) but for which the geographical trend is the same. Cal-
cium concentration varies little throughout the ocean, so variability in Ω is mostly
due to variability in CO3
2-. Coral reefs today are found only where Ω is fairly high
(Ωarag > 3.0 or so), and are generally vigorous and productive where Ω is par-Emiliania huxleyi: bloom observations and the conditions that induce them      89
Fig. 5. Latitudinal distribution of aragonite saturation state in different oceans (taken from
Opdyke and Wilkinson 1990)
ticularly high, for instance, the Bahamas, the Red Sea, and the coast of Papua New
Guinea (Ωarag > 3.9 or so)
 (Kleypas et al. 1999b). Manipulation experiments on
coral reefs and coralline algae have corroborated the importance of saturation state
to coral reefs (references in Kleypas et al. 1999a). The coral reef biome within
Biosphere II has been subjected to lowered Ω, again leading to reduced calcifica-
tion
 (Langdon et al. 2000).
Although foraminifera exhibit a global distribution including polar waters (un-
like reefs which are constrained to high-Ω waters) nevertheless they too respond
to the saturation state of seawater. Laboratory experiments in which foraminifera
have been grown at varying carbonate ion concentrations (varying Ω) have shown
that the shell weight (thickness of the foram shells) is strongly dependent on the
carbonate ion concentration
 (Spero et al. 1997). This was found both when TCO2
was varied while alkalinity was kept constant, and also while alkalinity was varied
while TCO2 was kept constant (Spero et al. 1997). This effect, which is a precipi-
tation effect and separate from dissolution effects related to carbonate ion concen-
tration
 (Lohmann 1995), has recently been demonstrated graphically in the discov-
ery of variation of foram shell weights over time. Barker and Elderfield
 (2002)
recovered forams deposited well above the lysocline (so dissolution effects can be
ignored) at various times back to the last glacial maximum and beyond. Forams
deposited during the LGM, when carbonate ion concentration was higher because90         Tyrrell and Merico
of the lower atmospheric pCO2, were found to be heavier than any found in the
ocean today (Barker and Elderfield 2002).
This sensitivity of other marine calcifiers to carbonate ion concentration ap-
pears also to hold for coccolithophores. Coccolithophores (G. oceanica and E.
huxleyi) in cultures, and also in field samples from the open ocean, were subjected
to low Ω conditions, at which it was found that calcification rates declined and
malformed coccoliths were produced (Riebesell et al. 2000; Rost and Riebesell
this volume). The lowered calcification rates of Riebesell et al.’s experiments are
somewhat hard to understand from a physiological point of view because E. hux-
leyi appears to obtain its carbon for coccoliths from bicarbonate (HCO3), not from
carbonate (CO3) (Paasche 2002). If this is correct then why should Ω be important
to coccolithophores? However, corals are also thought to take up bicarbonate but
yet they too are found experimentally to be sensitive to carbonate ion rather than
bicarbonate ion concentrations (Marubini et al. 2001).
If further work substantiates this probable link between coccolithophore calcifi-
cation and saturation state, this could be of interest beyond just the calculation of
carbon fluxes during E. huxleyi blooms. The distribution of coral reefs in the
ocean (where they can succeed in competition with sponges, seaweeds, etc) may
be heavily influenced by geographical variations in Ω (Kleypas et al. 1999b). Per-
haps the geographical distribution of Ω (Fig. 5) also affects where coccolithopho-
res in general (and E. huxleyi blooms in particular) can occur (where E. huxleyi
can compete successfully with other phytoplankton), not just their calcification
rate. Perhaps the absence of coccolithophores from cold polar waters is because of
difficulty in building sufficiently robust coccoliths at low Ω. In the same way that
the geographical and temporal variation in success of diatoms is influenced by the
abundance of silicate (e.g. Egge and Aksnes 1992) for diatom shell building, so
too could the distribution of coccolithophores be influenced by geographical
variation in the ease of coccolith building.
It is rather important to answer this question of sensitivity to carbonate ion be-
cause the emission of CO2  into the atmosphere from burning of fossil fuels is,
following diffusion of large amounts of the CO2 into the surface ocean, rapidly
acidifying the surface ocean and decreasing carbonate ion concentration and Ω
there. It is estimated that Ωarag averaged ~4.6 in the tropics 100 years ago, is cur-
rently ~4.0, and is projected to drop to ~2.8 by 2100 (Kleypas et al. 1999a). Both
coccolithophores and coral reefs could become substantial casualties of the rise in
atmospheric and ocean carbon. We need to understand whether coccolithophores,
coral reefs, & co. will be driven out of most or all oceanic environments by rising
CO2 and consequent falling CO3.
Type of grazers (microzooplankton and/or jellyfish)
As a top-down rather than a bottom-up forcing, the respective numbers of differ-
ent species of grazers at a location may influence the viability of that location for
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lantic, as measured in 1991, were microzooplankton (Holligan et al. 1993a) and
therefore variations in the density of microzooplankton could be important in de-
termining where blooms of E. huxleyi can form.
Recently, Olson and Strom (2002) measured phytoplankton growth and micro-
zooplankton grazing rates, by means of seawater dilution techniques inside and
outside an E. huxleyi bloom area in the southeastern Bering Sea. They observed
that “a reduced microzooplankton grazing is a key component in the formation
and temporal persistence of Emiliania huxleyi bloom”. Microzooplankton grazing
seemed to shift from selective grazing on small phytoplankton cells outside the
bloom to selective grazing on large cells (diatoms) inside the bloom. Reduced
microzooplankton grazing of E. huxleyi than of photosynthetic dinoflagellates was
also measured within a bloom off the Devon (UK) coast in July 1999 (Fileman et
al. 2002), although not within a North Atlantic bloom in June 1991 where there
was higher microzooplankton grazing of E. huxleyi than of the phytoplankton as-
semblage as a whole (Holligan et al. 1993a).
The Black Sea has seen large increases in the numbers of gelatinous carnivores
(jellyfish: medusae Aurelia aurita and ctenophore Mnemiopsis leidyi) during the
past two decades (Oguz et al. 2001), while during the last decade or so blooms of
E. huxleyi have become a feature of the system (Cokacar et al. 2001). A similar
scenario has been seen in the eastern Bering Sea, where a dramatic increase in
jellyfish (dominated by the scyphozoan Chrysaora melanaster) was noted since
the early 1990s (Brodeur et al. 2002). The peak of highest total biomass over the
whole shelf was noted in 1997, the year of the first massive E. huxleyi blooms in
the area. It is not clear whether the success of E. huxleyi is directly tied to jellyfish
(via a trophic cascade). It appears from isotope ratios and stomach content analy-
sis that Chrysaora melanaster have the same diet as juvenile pollock but that they
also pray on macrozooplankton, in competition with adult pollock (Brodeur et al.
2002). Therefore, although it seems clear that jellyfish can depress zooplankton
standing stocks, a direct connection of E. huxleyi appearance in 1997 with jellyfish
increasing biomass remains to be proven.
In general, however, it needs to be kept in mind that it is intrinsically difficult
to test hypotheses involving zooplankton or higher trophic levels due to a lack of
sufficient understanding and data on their interactions with phytoplankton. Viruses
specific for E. huxleyi may also play a role (Bratbak et al. 1996), but are likely to
be more important in bloom termination than in bloom commencement (e.g. Wil-
son et al. 2002).
Other possible factors
In a review of the ‘physiological ecology of marine coccolithophores', (Brand
1994), it was noted that E. huxleyi is likely to be r-selected rather than K-selected,
since it has a high maximum growth rate (up to 2.8 doublings per day (Brand and
Guillard 1981)). It was also suggested that E. huxleyi is usually found in cold wa-
ters, and in waters with low nutrient concentrations. Another review paper (Young
1994) suggested that there are three common features to the occurrence of placo-92         Tyrrell and Merico
lith-bearing coccolithophores such as E. huxleyi: firstly, they predominate in areas
of upwelling; secondly, they are usually bloom-forming; and thirdly, they are
normally dominant in coastal and shallow-sea assemblages.
Neither temperature nor salinity are likely to be significant causal factors. E.
huxleyi is known to be one of the most eurythermal and euryhaline of species
(Winter et al. 1994). Even though water temperature, in combination with other
parameters,  appears to be a good predictor of E. huxleyi  blooms (Iglesias-
Rodriguez et al. 2002) (they are associated with water temperatures between 3°
and 15°C), this is probably due to secondary effects of temperature, such as its
effect on water stability. “In general, blooms of E. huxleyi follow those of diatoms
in waters that have been recently depleted in inorganic nutrients and are becoming
more stable in terms of vertical mixing (e.g. following the relaxation of upwelling,
or establishment of the seasonal thermocline)” (Holligan et al. 1993b). This pre-
cludes most very cold or very warm waters. A strong salinity control on E. huxleyi
blooms is ruled out by the presence of blooms in both the open ocean (average
about 35 ppt) and the semi-saline Black Sea (average about 18 ppt).
Although “seeding effects” (the advection of cells from elsewhere in order to
provide the starting population that is required before a bloom can take place)
have been considered important in the past (Birkenes and Braarud 1952), the case
study of the eastern Bering Sea suggests otherwise. In that case enormous blooms
‘came from nowhere’ in the space of just two years (no visible bloom in 1995 or
previous years, small bloom in 1996, enormous bloom in 1997) (Merico et al.
2003). The large blooms were able to develop rapidly from what must have been a
small initial population. A time sequence of satellite images http://www.soes.
soton.ac.uk/staff/tt/eh/sequence.html also shows that blooms can start all along the
western coast of Norway at the same time, rather than one bloom seeding another
to produce a “chain reaction” of blooms.
E. huxleyi has a requirement for thiamine (vitamin B1) for growth, unlike many
algae, but does not require vitamin B12 (Carlucci and Bowes 1970). This may rep-
resent a further reason why E. huxleyi is not present during the first stages of
spring blooms, but the ecological importance of vitamin B1 has never been proven
(Paasche 2002). E. huxleyi can grow well at low concentrations of iron, along with
other open-ocean phytoplankton (Brand et al. 1983). However, this ability has not
been shown to have any ecological significance, and E. huxleyi distribution is not
at all correlated with regions of iron deficiency in the oceans.
Conclusions
Progress has been made towards uncovering the main environmental factors fa-
cilitating the development of E. huxleyi blooms. It seems unlikely that any single
factor can explain all blooms. More probably a combination of conditions is re-
quired. High light and limiting silicate (to restrict diatoms) are probably essential,
and high carbonate saturation state may also be critical, but much work remains to
be done.Emiliania huxleyi: bloom observations and the conditions that induce them      93
Modern satellites are excellent tools for mapping the distribution of E. huxleyi
blooms, but the possibility of mimicking conditions shows the importance of in-
situ verification. Annually repeating bright waters in the Barents Sea and on the
Patagonian Shelf particularly need to be sampled.
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